We report the results of a detailed study of surface relaxation of 199 Hg nuclear spins in paraffin coated cells. From measurements of the magnetic field and temperature dependence of the spin relaxation rates we determine the correlation time for magnetic fluctuations and the surface adsorption energy. The data indicate that surface relaxation is caused by dipolar coupling to paramagnetic sites on the surface. We also observe changes in the spin relaxation rate caused by ultraviolet radiation resonant with the 254 nm transition in Hg.
I. INTRODUCTION
Spin-polarized gases are used in a wide variety of experiments, from tests of fundamental symmetries to magnetic resonance imaging of the lungs. In many cases the spin relaxation rates are dominated by interactions on the surface. One of the first detailed studies of surface spin relaxation was done by Bouchiat and Brossel for Rb atoms in paraffin coated cells. 1 More recently, spin relaxation of 129 Xe atoms was studied in cells coated with hydrocarbon silane coatings 2 and 3 He atoms in bare glass cells. 3 In each case, a different mechanism of surface spin relaxation has been identified.
Here we report the results of the first extensive study of nuclear spin relaxation of 199 Hg in paraffin-coated cells. We identify a new mechanism for spin relaxation of 199 Hg atoms: dipolar interactions with paramagnetic sites on the surface, different from those found in previous studies.
1 -3 We determine the correlation time for magnetic fluctuations and surface adsorption energy for Hg atoms. We also observe changes in the spin relaxation rate when the cells are illuminated by UV light resonant with the Hg 254 nm transition and study their dependence on the composition of the buffer gas.
Surface coatings are frequently used to decrease spin relaxation rates because they lower the adsorption energy for atoms on the surface and therefore reduce the surface sticking time. Several types of hydrocarbon coatings have been used to reduce surface relaxation of alkali-metal and noblegas atoms. Some coatings have silane structure, such as SurfaSil Cl-͓ -(CH 3 ) 2 -Si-O-͔ n -(CH 3 ) 2 -Si-Cl, AquaSil CH 3 -(CH 2 ) 15 -Si-(OH) 3 , and DryFilm (CH 3 ) 3 -Si-Cl. These molecules react chemically with the glass surface and ideally expose only CH 3 groups to the outside. Pure hydrocarbons of various molecular weights have also been used as surface coatings.
1,4 Most of our measurements are done on cells coated with dotriacontane CH 3 (CH 2 ) 30 CH 3 paraffin, but some have a silane coating.
Our studies were motivated by the experimental effort to search for a permanent electric dipole moment ͑EDM͒ of 199 Hg atoms. 5-7 199 Hg atoms also serve as a comagnetometer in the experiments searching for the neutron EDM. 8 A nonzero EDM would indicate a new source of CP violation beyond the standard model. Since the sensitivity of the search as well as the control of systematic errors improves with longer relaxation times, significant effort has been devoted to fabrication of cells with long and stable spin relaxation times. The procedure for fabrication of 199 Hg cells used in the previous generation of the EDM search 5 is described in Ref. 9 . However, the success rate for producing cells with long spin relaxation times using this procedure was fairly low and several attempts to make new cells based on this technique were unsuccessful. Thus, our goals were to understand the origin of the relaxation mechanism and find ways to reduce the surface spin relaxation.
The basic physics of surface spin relaxation is described in Ref. 1. In general, a randomly fluctuating interaction with a correlation time c has Fourier components with frequencies ranging up to 1/ c . Spin relaxation caused by these fluctuations will be suppressed once the spin Larmor frequency ϭ␥B exceeds 1/ c . Thus, measurements of the magnetic field dependence of the spin relaxation rate give a value for c provided that ␥ is known. The relaxation time also depends on the fraction of atoms that are adsorbed on the surface at any given time, which is set by the surface-tovolume ratio and the average sticking time s . The sticking time generally has an Arrhenius temperature dependence determined by the surface adsorption energy. We measured the temperature dependence of the spin relaxation rates at low magnetic fields to obtain an estimate for s . From the combination of the magnetic field and temperature dependence of the relaxation rates we identify paramagnetic impurities as the most likely mechanism of relaxation. tubes and flat disks. 6, 7 The materials were thoroughly cleaned using several rinses in chromic acid and organic solvents. A conductive SnO 2 coating was chemically deposited on the inside surfaces of the disks and they were glued to the cell body using TorrSeal epoxy or a low-outgassing ultraviolet ͑UV͒-curing adhesive. 10 The EDM cells contained isotopically enriched 199 Hg vapor with 92%
II. DESCRIPTION OF THE EXPERIMENT
199 Hg. The cells were pumped out to 10 Ϫ7 torr and baked for several days at 100°C. A small amount of dotriacontane was distilled into the cells using a torch. We purified the paraffin by repeatedly distilling it prior to deposition in the cell. After the cells were sealed the paraffin was remelted using a small torch to obtain a thin transparent coating on all surfaces. The excess of the paraffin was collected in the stem of the cells. Some measurements were also done on cells containing a combination of paraffin and AquaSil coatings. 5 We studied cells with several buffer gases: pure CO 2 , a mixture of 90% N 2 and 10% CO, and pure CO gas with pressures ranging from 70 to 600 torr. Most measurements were done on ''dry'' cells with Hg number density 2-5 times smaller than the room temperature vapor pressure. Later generations of EDM cells 6 contained a small excess of Hg atoms condensed in a separate stem and had the number density approximately equal to the equilibrium vapor pressure. We did not observe a degradation of the spin relaxation time due to exchange of Hg between the vapor and condensed phases. Detailed spin relaxation measurements were made on a total of 20 different cells. The results for cells with the most complete set of measurements are summarized in Table I .
The atoms were polarized by optical pumping using circularly polarized light from a 204 Hg discharge lamp excited by microwaves. 5 To monitor the decay of the longitudinal polarization we modulated the polarization of a weak probe beam with a photoelastic modulator and measured the modulation of the intensity transmitted through the cell with a lock-in amplifier. The decay of the polarization was well described by a single exponential. The measurements of the longitudinal spin relaxation time T 1 were performed in magnetic fields ranging from about 3 G to 4 kG. At higher magnetic field the Zeeman splitting of the excited state prevents effective optical pumping and detection using broadband light from the 204 Hg discharge lamp. The temperature of the cells was controlled by flowing boil-off from LN 2 through a heater, and the measurements were done at temperatures ranging from Ϫ20°C to 23°C. Changes in the relaxation rate due to long term UV exposure were observed by monitoring the transverse spin relaxation time T 2 during operation of the EDM experiment. 6 We experimentally verified that at low magnetic fields T 1 approaches the value of T 2 , as expected for surface relaxation by fast-fluctuating fields.
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III. RESULTS AND ANALYSIS
We studied the magnetic field dependence of the relaxation rate T 1 Ϫ1 (B) in a number of cells with a wide range of spin relaxation times. The magnetic field dependence for all cells follows a universal decoupling curve shown in Fig. 1 , where a normalized spin relaxation rate T 1 Ϫ1 (B)/T 1 Ϫ1 (0) is plotted. This common field dependence indicates that surface relaxation is probably due to the same mechanism in all cells, independent of the absolute value of T 1 . We find that for all cells the spin relaxation rate at high field approaches approximately 30% of its low-field value.
This behavior is particularly simple to explain if we assume that spin relaxation is caused by long-range dipolardipolar interactions with paramagnetic sites. For this spin relaxation process the relaxation rate is given by 2, 11 1 where T 0 ϵT 1 (0) is the spin relaxation time in zero magnetic field, and ␥ Hg ϭ2ϫ771 Hz/G is the gyromagnetic ratio of 199
Hg. ␥ p is the gyromagnetic ratio of the paramagnetic sites that depends on their g factor, but generally is on the order of ␥ p ϳ2ϫ2.8 MHz/G. The fact that ␥ p ӷ␥ Hg implies that for magnetic field BϾ(␥ p c ) Ϫ1 but BӶ(␥ Hg c ) Ϫ1 the relaxation rate approaches a constant value T 1 Ϫ1 ϭ(3/10)T 0 Ϫ1 , consistent with our data. We point out that for a Fermicontact interaction with paramagnetic sites the spin relaxation rate goes to zero at high magnetic field following a single decoupling curve. Thus, to explain our data with a Fermi-contact interaction we would need to assume two different mechanisms whose relative size remains the same for all cells. Figure 2 shows the fit of the function given by Eq. ͑1͒ to one of the decoupling curves. The relaxation mechanism is fairly well characterized by a single correlation time. The measurements of the decoupling width B c ϭ(␥ p c ) Ϫ1 are summarized in Table I . The uncertainties in the individual measurements of the spin relaxation rate and fits of the magnetic field dependence are about 10-20 %. The spread of the numbers between different cells gives an indication of the dependence on the quality of surface coating. For all cells containing a paraffin coating the width is in the range from 20 to 40 G. We do not observe any systematic dependence of the decoupling width on the pressure or composition of the buffer gas, confirming that the relaxation is dominated by effects on the surface.
We measured the temperature dependence of the decoupling width to determine if the correlation time is affected by the temperature. Three decoupling curves measured at temperatures ranging from 253 to 295 K are shown in Fig. 3 . The width and the shape of the decoupling curves is independent of the temperature while the absolute value of T 1 changes by more than a factor of 2. We conclude, therefore, that the correlation time c is independent of temperature.
To determine the surface sticking time s we measured the temperature dependence of the spin relaxation rate at low magnetic field. The relaxation rate at low magnetic fields due to dipolar interactions is given by the following relationship:
Here v is the average thermal velocity of Hg atoms, A is the surface area and V is the volume of the cell, S is the spin of the paramagnetic sites, and r i are the distances from an adsorbed Hg atom to the locations of the paramagnetic sites. The sticking time s is determined by the adsorption energy on the surface and has an exponential temperature dependence:
where 0 is on the order of the oscillation period in the surface binding well, 1,12 0 ϭ10 Ϫ12 s for Hg-CH 4 . 13 The temperature dependence of the spin relaxation time is determined only by the sticking time, since c is independent of temperature. Figure 4 shows the temperature dependence of the relaxation rate for one of the cells measured in a small magnetic field with an exponential fit. The adsorption energies determined from such fits are given in Table I results for E a are somewhat larger than a value of 0.1 eV obtained for the adsorption energy on hydrocarbon surfaces of both alkali-metal 1,4 and Xe atoms. 2 The binding energy of Hg-CH 4 van der Waals molecules, determined by spectroscopy, is equal to 0.02 eV. 13 Thus, it is likely that Hg atoms bind to the sites where the coating is damaged. Table I also shows the correlation time c and sticking time s estimated from the data. For paraffin-coated cells the correlation time is fairly reproducible, c ϭ2Ϯ0.5 ns for ␥ p ϭ2ϫ2.8 MHz/G. The estimates of the sticking time s are much more uncertain because of the exponential sensitivity to the value of the adsorption energy and approximate nature of Eq. ͑3͒. The correlation time clearly cannot be longer than the sticking time. If c was set by the sticking time one would expect the decoupling width to decrease with temperature, which was not observed. Therefore the sticking time must be longer than c , near the upper end of the range of numbers given in Table I . We note that if we assumed that the relaxation is caused by dipolar coupling to proton spins, instead of paramagnetic impurities, we would obtain a correlation time of about 1 s, orders of magnitude longer than the sticking time.
One can also make an estimate of the average distance to paramagnetic sites using Eq. ͑2͒. Because of the high power involved, the average value of (͚ i r i Ϫ6 ) Ϫ1/6 is very insensitive to the surface sticking time and other parameters in Eq. ͑2͒. We obtain ( ͚ i r i Ϫ6 )
ϳ7 -10 Å for the range of observed spin relaxation times, which is quite reasonable. It is likely that 199 Hg atoms are relaxed by a few paramagnetic sites located close to the binding sites. Differences in the density of the binding and paramagnetic sites can explain a wide variation in the spin relaxation rates among different cells and their dependence on the UV exposure.
The DryFilm-coated cell clearly stands out, having a much larger value of E a and a shorter value of c . We made several cells coated with AquaSil, SurfaSil and DryFilm, but all of them except for one DryFilm-coated cell had relaxation times on the order of 2-5 s, too short to enable detailed measurements using the existing setup. It is likely that the properties of the coatings are very sensitive to the details of the coating procedure, which can leave unreacted silanes. That can probably explain the larger value of the adsorption energy and generally shorter values of T 1 obtained with silane-coated cells. The relaxation properties of the cells containing both an AquaSil coating deposited on the cylinder walls and a paraffin coating 5 are consistent with paraffin coated cells. The vapor pressure of the paraffin is on the order of 10 Ϫ8 torr, so all surfaces are probably covered with a layer of paraffin after several hundred seconds. Consequently, in new cells 6 we do not use any coating for the cell walls, relying on the paraffin to coat all surfaces.
IV. EFFECTS OF UV EXPOSURE
The effects of long-term exposure to resonant UV light are shown in Fig. 5 . These measurements were performed on cells with 199 Hg density of about 5ϫ10 13 cm Ϫ3 . The frequency and power of the pumping laser was changed during the measurements, so the optical pumping rate alternated between 0.07 s Ϫ1 for 30 s and 0.003 s Ϫ1 for 100-200 s. 7 We have seen both increases and decreases in the spin relaxation time with UV exposure. In the cells containing a mixture of 90% N 2 gas and 10% CO gas, which were used in Ref. 6 , the relaxation time would sometimes increase with initial exposure, but would always eventually drop to about 60 s. It could be restored by melting and redistributing the paraffin in the cell using a small torch. Thus, the effect is likely caused by damage to the surface of the coating. The relaxation time decreases only if the cell is illuminated by UV light resonant with the Hg 1 S 0 → 3 P 1 transition. The cells also exhibit a limited self-healing effect, where the relaxation time increases if the UV light is blocked for several hours, but quickly drops to its previous value upon UV exposure.
The surface damage is probably caused by interactions with Hg atoms in the metastable 3 P 0 state, which have about 5 eV of energy. N 2 buffer gas quenches Hg atoms in the 3 that the spin relaxation time dropped after several hours of UV exposure for pure N 2 buffer gas. CO gas quenches Hg atoms in a qualitatively different way. For 300 torr of CO gas the total 3 P 1 quenching rate is 1ϫ10 9 s Ϫ1 ͑Ref. 15͒ with approximately 90% of the atoms quenched to the 3 P 0 state. 16 The 3 P 0 state is quenched directly to the ground state at a rate of 8ϫ10 7 s Ϫ1 , ͑Ref. 17͒, reducing the diffusion distance to about 0.6 m. This difference in the average diffusion distances can explain why the relaxation time in cells with 10% CO gas decreases much slower than in cells with pure N 2 gas. Based on this model the quenching rate in the cells with pure CO gas should be approximately 10 times larger FIG. 5 . Changes in the relaxation time with UV exposure. The relaxation time in the cell containing pure CO gas ͑solid circles͒ increases and then remains stable, while in the cell containing 90% N 2 and 10% CO ͑empty squares͒ the relaxation time drops.
than in the cells with 10% of CO gas and the diffusion distance should be about 3 times smaller. This would imply that the relaxation time should decrease approximately 3 times slower in cells with pure CO gas. However, we find a much more significant improvement, the cells with pure CO gas have been exposed to UV for over two months with no appreciable decrease in their relaxation times. This implies that the concentration of paramagnetic sites on the surface is probably determined by a complicated equilibrium between creation by collisions with metastable Hg atoms and elimination by diffusion and self-healing mechanisms.
V. CONCLUSION
We have performed the first detailed study of surface spin relaxation of 199 Hg atoms and identified dipolar coupling to paramagnetic sites as the likely source of spin relaxation. While it is hard to determine unambiguously the nature of these paramagnetic sites, it is likely that they are free radicals on the paraffin surface, some of which are produced by collisions with metastable Hg atoms. Based on results of these studies we were able to develop a reliable procedure for fabrication of Hg cells with a relaxation time of 150-200 s that remain stable after months of UV exposure. These cells are being used in the next generation of the Hg EDM search 7 and give about a factor of 2 higher statistical sensitivity compared to cells containing a mixture of CO and N 2 gas.
